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i. INTRODUCTION
This sixth quarterly progress report on Contract NAS7-289, "Radiation
Effects in Silicon Solar Cells," covers the peziod April l, 1966, through
June 30, 1966.
During this period studies were made of the damage and annealing
properties of high-purity n-type silicon after irradiation at 4.2°K with
25 MeV electrons, and further investigations were made of the annealing
characteristics of the E center.
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J2. MICROWAVE CONDUCTIVITY
Work during this quarter has been concentrated on investigating the
damage and annealing properties of the high-purity n-type silicon after
the sample has been irradiated at 4.2°K with electrons of approximately
25 MeV.
2.1 IRRADIATION AT 4.2°K
At room temperature the high-purity n-type silicon has a conductivity
of lO -4 (ohm-era)"l, a Hall mobility of about 2000 cm2/volt-sec! l) and a
carrier concentration of approximately 3 x !Oll carriers/cm 3. Recent publi-
cations (2) indicate that n-type silicon, when bombarded with electrons at
4.2°K, is very insensitive to damage when the electrical properties of :
the material are used as the damage indicators.
Prior to irradiation, the excess carriers excited by a O.1 _sec
25 MeV electron pulse (low injection level equivalent to 0.5 tad Si) decay
with two time constants--one about 0.2 _sec, followed by a longer one of
approximately 3 _sec. At high injection levels (O.1 _sec pulse of 25 MeV
electrons equivalent to 10 rads Si), the excess carriers decay with the same
two t£me constants. Measurements during irradiation show that up to
integrated fluxes of 1.45 x lO12 electrons/cm 2 there is no noticeable
change in the decay lifetime of either the high- or low-injection-level
carriers at 4.2°K. This is in agreement with the published data that the
electrical properties of the silicon snow no observable changes due to
electron bombardment at 4.2°K.
The sample was then warmed to liquid nitrogen temperature (77.5°K)
and kept there for 36 hours while the microwave equipment was moved to
the flash x-ray facility, where it was subsequently subjected to dose
levels of 5 mR or less.
2.2 ANNEALING
Even though there w_s no observable effect in the properties of the
sample irradiated at 4.2°K_ considerable changes at liquid nitrogen tempera-
ture were observed. The pre-irradiation electrical conductivity at liquid
nitrogen temperature is 8 x i0"4 (ohm-cm)'l; after irradiation at 4.2°K it
is < 2 x 10-5 (ohm-cm) "I at liquid nitrogen temperature. The pre-irradiation
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lifetime of excess carriers at liquid nitrogen temperature is 20 wsec,
and the lifetime after the 4.2°K bombardment is 2 x lO4 _sec at liquid
nitrogen temperature. The pre-irradiation temperature dependence of the
excess-carrier lifetime (T) and the electrical conductivity as a function
of 103/T are given in Figs. 3 and 4 of Reference 3. Prior to annealing,
the injection-level dependence of the excess-carrier lifetime is obtained
at liquid nitrogen temperature. It is found that over the range of
injection levels possible at the flash x-ray there is no noticeable
injection level dependence of the excess-carrier lifetime. The sample is
then heated to 1Ol°K for lO minutes and then returned to liquid nitrogen
temperature. This type of anneal is known as an isochronal anneal.
The electrical conductivity measurements are made at the reference
temperature of liquid nitrogen. The sample is then annealed at 20°K
temperature intervals up to BlO°K. After each anneal the _ versus 103/T
characteristics and an isochronal anneal me_surcment of the electrical
conductivity are taken.
Figure 1 shows the excess-carrier lifetime as a function of l_/T
the lOl°K anneal. Figure 2 shows the v Versus lOB/T .characteristicsafter
after the sample is heated to 310°K. Figure 3 shows the isochronal anneal
characteristics of the sample.
All of the excess-carrler decay lifetimes are first order, i.e., they
cam be analyzed by using the relationship
af - at = e.t/_
%-%
where a° and af are initial and fins& conductivities, respectively, and
at is the conductivity at any time t. Further scrutiny shows that there
is only this one observable decay time constant. There is no shorter time
constant for decay of excess carriers.
2.B ANALYSISOF
The most striking observation of the _.2°K bombarg_nent is that the
lifetime measurements do not show the presence of damage at 4.2°K, but
upon heating the sample to liquid nitroge:L temperature the electrical
properties of the sample at liquid nitrogen temperature are greati_°
affected. This could be due to the temperature dependence of the charge
state of the defect or to the migration of the inactive centers upon
3
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Fig. 1--Excess carrier lifetime after annealing :,
n-type silicon to lOl°K
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Fig. 2--Excess carrier lifetime after annealing
n-typesiliconto 310°K
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heating and forming new electrically active centers. The temperature
dependence of the excess-carrier lifetime, after bombardment and annealing
to 310°K, shows that the defect introduced into the sample by the 4.2°K
bombardment is a trapping center. The lack of a shorter time constant
indicates that the decay of excess carriers is predominantly through a
trapping center.
The isochronal anneal of the electrical conductivity starts to tak_
place around 140°K; the excess-carrier lifetime also starts to anneal or
chauge about this temperature. This indicates that the electrical con-
ductivity and excess-carrier lifetime possibly anneal simultaneously.
The large temperature range of anneal as seen on Fig. 3 indicates that
the annealing defects are of a complicated nature or a rearrangement and
not of a simple annealing process. This is to be expected for high-
energy electrons at these temperatures. The slope of Fig. 2 indicates
that the trapping center is located between 0.2 to 0.4 eV from a band edge.
At the present time this is only a preliminary analysis. A more
complete analysis will be presented in the final report°
2.4 CONTRIBUTION OF ELECTRONS TO THE DIELECTRIC CONSTANT
In analyzing the dependence of the amplitude of the microwave signal
reflected from a semiconductor sample, it has been assumed that the semi-
conductor has a dielectric constant (K) independent of conductivity. (For
silicon, K = ll.7.) It must be recognized that free carriers can contribute
to the value of the dielectric constant in a semiconductor. The change in
dielectric constant due to the charge carrier contribution is given by _4)""
m@
= -4
where m* is the effective mass of the carriers,a is the electrical con-.
ductivlty, and _H i_ the Hall mobility. To obtain an estimate of the
maximum change in K due to free carriers excited during the electron pulse,
a Hall mobility of lO6 cm2/volt-sec at 5°K is used. If a lO-rad pulse is
used, the number of excited carriers is about 4 x lOl_ electrons/cm 3. This
corresponds to a change in dielectric constant of -0.7. This change is
appreciable enough that the assumption of a dielectric constant independent
of electrical conductivity is no longer valid. However, at low injection
levels of 0.5 tad or less the change in dielectric constant due to free
6
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carriers can be neglected. The above estimates are made for aa n-_ype
silicon sample at 4.2°K. As the temperaturo of the sample is iucreased,
the Hall mobility decreases so that at liquid nitrogen temperature the
effect of free carriers on K due to injection is negligible for a lO-rad
pulse. At 4.2°K the computer program used to calculate the electrical
conductivity from the reflected signal needs to be modified to handle large
carrier-injection levels.
2.5 FUTURE PLANS
The effect of electron damage, thermal annealing and injection-level
dependence on the excess-carrier lifetime will be investigated for a high-
resistivity n-type silicon sample bombarded at room vemperature. The
characteristics of the defect introduced by room temperature irradiation
will be determined. The defects produced by the r_,um temperature and 4.2°K
bombardment will be compared.
8 _
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3. ELECTRON SPIN RESONANCE EXPERIMENTS
Additional experiments have been performed to verify some of the
results and conclusions drawn in the last quarterly report on the anneal.
ing characteristics of the E center.
In n-type, O.1 obn_.-cm,P-doped silicon_, annealhg experiments were
performed, and it has been observed that after an 80°I" irradiation and
subsequent annealing to a temperature of 150°K, only a Imall change in
the number of E centers was observed. Further an lealing to 300°K reduced
the E-center resonance intensity to the order of 10% of the original value.
After an anneal temperature of about 275°K, the resonance associated with
the divacancy appeared. It had been postulated that these observations
were due to a change in Fermi level caused by annealing of deeper levels
not associated with either the E center or the divacancy defect. Samples
which were run at different electron flux l_vets substantiated such _
model. At high flux levels (> 6 x lO17 electrons/cm2), the divacancy
resonance immediately after the 80OK irradiation was not seen, as i" the
above mentioned case. At lower fluxes, the divacancy resonance was seen
after the 80°K irradiation, ,.ith a smaller E-center resonance than in
samples irradiated to higher flux levels. Annealing to 300°K produced
no significant change in the intensity of the divacancy resonance and a
decrease of the order of a factor of 1.5 to 2 in the number _,fE centers.
The change in the number of E centers was due to a shift in the F, mi level
and not an annealing involving the E center, as substantiated by exper.!-
ments using light. A sample which had been annealed to 400°K and which had
both divacancy _nd E-center resonances was illuminated at 20°K _ith a
microscope lamp. The E-center resonance intensity increased, while the
divacancy resonance decreased. The total number of centers remained
approximately the same. This signifies that a large numbe_ of phosphorus-
vacancy defects (E centers) were still present after the 400°K anneal, and
the decrease in resonance was actually due to _ changing electron population.
A number of 10 ohm-cm P-doped samples were irradiated between 5 and
17 2
12 x lO electrons/cm at 30 MeV. The spectrum observed was similar to that
of the large samples mentioned in the pre_ious quarterly report. The sample
9
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with the lowest f_Lu_ _-o_nedto have a less complicated spectrum thaa the
others° However, the small number of centers makes an orientation dependence
study difflc,_It. Further e_perimentation on this resistivity material will
be made in the attempt to correlate the lifetime and resonance results.
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